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Young’s  modulus  for  Li^Siy  was  determined  from  nanoindentation  testing.  Young’s  modulus  for  Li^Siy 
was  52.0  ±  8.2  GPa.  This  value  is  in  excellent  agreement  with  estimated  values  of  Young’s  modulus 
calculated  from  predicted  values  of  bulk  modulus  using  density  functional  theory. 
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1.  Introduction 

The  specific  capacities  of  Li-Si  alloys  are  four  (1620  mAh  g_1, 
Li^Siy)  to  ten  times  (4200  mAh  g_1,  L^Sis)  greater  than  graphite, 
making  these  alloys  attractive  alternatives  to  graphitic  anodes  in  Li- 
ion  batteries  [1—5].  One  problem  with  Li-Si  alloys  is  that  their 
capacities  diminish  with  cycling  as  a  result  of  substantial  volume 
changes  with  Li-ion  addition/removal  which  causes  fracture  and 
results  in  loss  of  particle  contact.  Another  problem  with  Li-Si  alloys 
that  causes  capacity  fade  is  that  it  has  been  suggested  that  these 
alloys  do  not  form  a  stable  solid  electrolyte  interphase  (SEI)  layer. 
The  SEI  layer  is  continually  being  formed  and  destroyed  [6,7].  In 
order  to  reduce  capacity  fade  of  Li-Si  alloys  knowledge  of  the 
mechanical  properties  of  these  alloys,  like  Young’s  modulus  [8,9],  is 
required.  Young’s  moduli  for  Li— Si  alloys  were  recently  predicted 
by  Shenoy  et  al.  using  density  functional  theory  (DFT)  calculations 
[8].  Ratchford  et  al.  [10]  measured  Young’s  modulus  for  L^Sis  using 
nanoindentation  testing  to  verify  the  predicted  value  for  L^Sis  by 
Shenoy  et  al.  [8].  The  measured  Young’s  modulus  for  L^Sis 
(35.4  ±  4.3  GPa)  [10]  was  approximately  one-half  of  the  predicted 
value  (~ 78  GPa)  [8].  Ratchford  et  al.  [10]  showed  that  the 
disagreement  between  the  measured  and  predicted  values  was  not 
due  to  the  testing  procedure  or  microstructural  variables  of  the 
alloy  and  concluded  that  the  measured  value  represented  the  true 
property  of  this  alloy  [10].  Because  of  the  disagreement  between 
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the  measured  and  predicted  values  of  Young’s  modulus  for  L^Sis, 
more  experimental  measurements  to  verify  the  predicted 
mechanical  properties  of  Li-Si  alloys  are  needed.  Therefore,  the 
objective  of  this  study  was  to  measure  Young’s  modulus  for  Li^Siy 
using  nanoindentation  testing  and  compare  the  predicted  value  by 
Shenoy  et  al.  [8]  to  this  experimentally  determined  value. 

2.  Experimental 

The  same  experimental  methods  that  were  used  to  synthesize, 
characterize  and  prepare  samples  of  Li22Si5  for  nanoindentation 
testing  [10]  were  used  for  samples  of  Li^Siy.  Therefore  the  exper¬ 
imental  methods  used  for  Li^Siy  are  only  briefly  summarized  in  the 
following:  X-ray  diffraction  was  used  to  determine  the  phase  purity 
of  Li^Siy  from  powder  samples.  Inductively  coupled  plasma-mass 
spectrometry  (ICP-MS)  was  used  to  analyze  the  elemental 
composition  of  the  synthesized  Li^Siy.  To  prepare  samples  for 
nanoindentation,  granules  of  Li^Siy  were  cold  mounted  and  pol¬ 
ished  to  a  mirror  finish  in  mineral  oil  using  standard  metallographic 
techniques.  The  grain  size  of  Li^Siy  was  measured  using  the  linear 
intercept  method  from  optical  images  taken  from  the  polished 
surface  of  samples  etched  in  0.2  wt.%  water,  0.3  wt.%  hydrochloric 
acid  diluted  with  hexane.  Young’s  modulus  was  determined  from 
the  load-displacement  curve  during  unloading  with  nano¬ 
indentation  using  the  Oliver— Pharr  method  [11,12].  Twenty  tests 
were  performed  on  the  Li^Siy  samples.  Standard  reference  mate¬ 
rials  of  fused  silica  and  tin  were  used  to  calibrate  the  instrument.  All 
nanoindentation  testing  was  performed  under  mineral  oil. 
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Fig.  1.  X-ray  diffraction  pattern  of  the  Lii2Si7  alloy. 

3.  Results  and  discussion 

The  X-ray  diffraction  pattern  for  the  Lii2Si7  alloy  is  shown  in 
Fig.  1.  From  the  diffraction  pattern  it  can  be  seen  that  the  positions 
of  the  diffraction  peaks  are  in  good  agreement  with  the  positions  of 
diffraction  peaks  in  the  International  Centre  of  Diffraction  Data’s 
powder  diffraction  file  for  Lii2Si7  (PDF#  00-040-0942).  Impurity 
peaks  corresponding  to  the  (311)  diffraction  peak  of  M04O11  (PDF# 
01-089-6725)  and  the  (111)  diffraction  peak  of  MoSi2  (PDF#  01- 
081-0167)  were  observed  in  the  pattern.  The  Mo  originated  from 
the  crucible  used  to  prepare  the  alloy.  These  results  suggest  that  the 
material  is  predominately  single  phase  Lii2Si7  with  M04O11  and 
MoSi2  impurities.  The  weight  percentage  of  lithium  in  the  Lii2Si7 
alloy  obtained  using  ICP-MS  was  28.6  ±  1.5%.  The  expected  weight 
percentage  of  lithium  for  the  Lii2Si7  alloy  is  29.8%  [13].  ICP-MS 
showed  that  the  alloy  was  1.8  ±  0.5%  by  mass  molybdenum.  In 
the  worst  case,  the  alloy  is  2.3%  by  mass  molybdenum.  From  this 
mass  composition  in  conjunction  with  the  densities  of  the  impu¬ 
rities,  the  Lii2Si7  alloy  contains  at  most  0.4  vol.%  MoSi2  or  0.5  vol.% 
M04O11.  Optical  microscopy  of  the  fine  polished  surface  of  a  sample 
of  the  Lii2Si7  alloy  revealed  no  second  phases  and  no  porosity. 
Etching  of  this  sample  revealed  that  the  grain  structure  is  fairly 
equiaxed,  with  a  grain  size  of  4  ±  1  pm. 

Young’s  moduli  for  Lii2Si7  and  Li22Sis  [10]  that  were  measured 
using  nanoindentation  are  listed  in  Table  1.  Table  1  shows  that  the 
average  value  of  Young’s  modulus  for  Lii2Si7  is  52.0  ±  8.2  GPa.  In 
order  to  get  an  indication  on  the  affect  of  the  impurities  on  Young’s 
modulus  for  the  Lii2Si7  alloy  it  was  assumed  that  this  measured 
value  is  that  for  a  composite  material  composed  of  the  alloy  and 


Table  1 

Young’s  moduli  of  samples  measured  by  nanoindentation. 


Sample 

E  (GPa) 

Lii2Si7 

52.0  ±  8.2 

L^Sis 

35.4  ±  4.3 

Fig.  2.  Young’s  modulus,  E,  as  a  function  of  atomic  fraction  of  lithium  for  poly¬ 
crystalline  Li— Si  alloys. 


0.4%vol.  MoSi2  or  0.5%vol.  Mo4On.  Using  the  Voigt  and  Reuss 
models  [14]  for  a  mixture  of  two  phases  and  the  Young’s  modulus 
for  MoSi2  and  M04O11  and  the  above  volume  fractions  it  was 
determined  that  the  impurities  make  less  than  a  1%  contribution  to 
the  total  modulus  hence,  the  measured  value  of  Young’s  modulus 
corresponds  to  the  Young’s  modulus  for  the  Lii2Si7  alloy.  Young’s 
modulus  for  the  Lii2Si7  alloy  is  between  the  measured  values  for 
polycrystalline  lithium  (4.9  GPa  from  tension  [15]  or  8.0  GPa  from 
ultrasonic  spectroscopy  [16])  and  polycrystalline  silicon  (173  GPa 
from  nanoindentation  [17]).  Fig.  2  shows  a  plot  of  Young’s  moduli 
for  polycrystalline  Li-Si  alloys  as  a  function  of  lithium  concentra¬ 
tion.  The  solid  line  connecting  Young’s  modulus  for  polycrystalline 
silicon  [17]  and  polycrystalline  lithium  [16]  suggests  that  Young’s 
modulus  linearly  decreases  with  increasing  lithium  concentration. 
This  result  was  also  observed  for  predicted  values  of  bulk  modulus 
for  amorphous  and  polycrystalline  Li-Si  alloys  and  was  attributed 
to  elastic  softening  with  increasing  lithium  concentration  [8,18]. 
Interestingly,  the  predicted  value  of  Young’s  modulus  for  Lii2Si7 
(~85  GPa)  [8]  is  significantly  greater  than  the  experimentally 
determined  value  of  Young’s  modulus  for  Lii2Si7;  approximately  1.6 
times  the  measured  value.  Ratchford  et  al.  [10]  previously  observed 
that  for  Li22Si5,  the  predicted  value  of  Young’s  modulus  was  also 
significantly  higher  than  the  experimentally  measured  value.  Thus, 
it  also  appears  that  for  the  Lii2Si7  alloy  that  DFT  overestimated  the 
value  of  Young’s  modulus. 

During  this  study,  additional  predictions  of  the  bulk  moduli  for 
Li-Si  alloys  using  DFT  calculations  were  found  [18,19].  Young’s 
moduli  were  estimated  from  these  predicted  values  using  Eq.  (1), 
where  E  is  Young’s  modulus,  I<  is  bulk  modulus,  and  v  is  Poisson’s 
ratio  [14] 

E  =  3K(1  -  2v)  (1) 

Eq.  (1)  is  based  on  isotropic  behavior,  which  is  a  good  approxi¬ 
mation  in  this  work  because  Lii2Si7  and  Li22Sis  alloys  are  poly¬ 
crystalline  [14].  From  Eq.  (1),  a  value  for  Poisson’s  ratio  is  needed. 
Poisson’s  ratio  for  other  Li  alloys  range  between  0.2  and  0.4  [10]. 
Therefore,  an  average  value  v  =  0.3  was  used  to  calculate  the  esti¬ 
mated  values  of  Young’s  modulus.  The  estimated  values  of  Young’s 
modulus  for  Lii2Si7  and  Li22Sis  are  listed  in  Table  2.  Table  2  shows 
that  the  estimated  values  are  in  excellent  agreement  with  the 
measured  values  of  Young’s  modulus  listed  in  Table  1  for  Lii2Si7  and 
Li22Si5.  From  these  results,  we  can  conclude  the  experimental 
values  of  Young’s  modulus  for  Lii2Si7  and  Li22Si5  represent  the  true 
values  for  these  alloys. 
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Table  2 

Estmated  Young’s  moduli,  E,  from  Eq.  (1)  for  Lii2Si7  and  Li22Si5. 


Sample 

E  (GPa) 

Lii2Si7 

52a 

60b 

Li22Si5 

38a 

42b 

a  Ref.  [18]. 
b  Ref.  [19]. 


4.  Conclusion 

Polycrystalline  Lii2Si7  was  synthesized.  The  single-phase  purity 
of  the  alloy  was  confirmed  by  X-ray  diffraction,  ICP-MS  and 
optical  microscopy.  Young’s  modulus  for  polycrystalline  Lii2Si7 
was  determined  from  nanoindentation  testing.  The  value  of 
Young’s  modulus  was  52.0  ±  8.2  GPa.  This  value  is  in  excellent 
agreement  with  estimated  values  of  Young’s  modulus  calculated 
from  predicted  values  of  bulk  modulus  using  density  functional 
theory. 
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